SUMMARY During a three-year period, 831 pregnant women in and around Port Pirie, South Australia-a lead smelter community with longstanding lead pollution-were enrolled in a cohort study to examine prospectively the relation between body lead burden and pregnancy outcome. Three-quarters of the enrolled women were residents of the Port Pirie municipality; the other women lived in adjacent towns and countryside. At 14-20 weeks' gestation, the Port Pirie resident women had a mean blood lead concentration of 106 yg/dl, while the mean in the other (non-Port Pirie) women was 7*6 ,ug/dl. Similar differences were observed in maternal blood samples taken at 30-36 weeks, at delivery, and from the umbilical cord. These blood lead measures, in conjunction with information collected on other risk factors, were then examined in relation to pregnancy outcome. Among 749 pregnancies followed to completion, pre-term delivery was statistically significantly associated, in a dose-response manner, with maternal blood lead concentration at delivery. Mothers of late fetal deaths (stillbirths) had blood lead concentrations at 14-20 weeks' gestation similar to those of all the other women but had lower concentrations at delivery than the other women. Outcomes of pregnancy for which no association with blood lead was detected were spontaneous abortion, low birthweight (for births at term), intrauterine growth retardation, premature rupture of the membranes, and congenital anomalies.
Adverse effects of high lead concentrations in maternal blood on pregnancy outcome have been well documented over the past century.' Such concentrations, occurring particularly within certain occupational environments, were reported in the 19th century to have a deleterious effect on fertility, the course of pregnancy, and the development of the fetus. However, there is little information available on the obstetric consequences of lesser elevations of maternal blood lead such as occur within contemporary industrialised urban populations.
In Missouri, USA, community environmental lead exposure was associated with an increased incidence of premature rupture of the membranes and pre-term delivery.2 A subsequent study in a lesser exposed community in Louisville, Kentucky, found no such relation.3 Animal studies have shown that lead interferes with collagen synthesis,4 energy metabolism, and membrane structure,5 all of which may adversely affect the chorioamniotic membrane and predispose to premature rupture of membranes.
Lead concentrations in umbilical cord blood have been reported to be positively correlated with an increased risk for minor congenital anomalies.6
In 1979, a long-term cohort study was begun of body lead burden in relation to pregnancy outcome and early childhood development in the population living in and around the city of Port Pirie. Port Pirie, a coastal city of 15 000 people located 200 kilometres north of Adelaide (the capital of South Australia), is predominantly a lead smelter community, having one of the world's largest and oldest lead smelters located upwind on its immediate periphery. This paper reports the relation, in that cohort of women, of pregnancy outcome to maternal blood concentrations measured during pregnancy and at delivery.
Materials and methods
During three years, May 1979 to May 1982, 831 pregnant women were enrolled for prospective study. 18 
19
The Port Pine cohort study: maternal blood lead and pregnancy outcome These women, from Port Pirie (n=646) and the surrounding rural area and neighbouring towns (n=185), accounted for an estimated 90% of all newly occurring pregnancies within the specified source population. Inclusion of women from outside Port Pirie provided a second source of comparison beyond that afforded by the inter-individual variation in blood lead concentration among women resident in Port Pirie.
Following a publicity campaign that immediately preceded the study, all women newly attending for antenatal care were advised by their doctor of the nature and purpose of the study and were encouraged to contact the study coordinator (an experienced community health nurse) to discuss and arrange participation.
A standardised questionnaire-interview was subsequently administered by the coordinator, seeking demographic, residential, occupational, educational, and dietary information together with medical and reproductive history and information on smoking and drinking habits. Information on husband's occupation was used to assign a binary social class status, "blue-collar" versus "white-collar". In the majority of women this interview and collection -of a first blood sample occurred at the 14-20 week stage of gestation, although 257 (ie, 31%) participants were enrolled sufficiently early for the interview and an additional blood sample to be taken prior to 14 weeks' gestation. This additional blood sample was subsequently useful in analyses relating to spontaneous abortion, the majority of which occurred before 14 weeks' gestation.
In addition to the blood sample routinely collected at 14-20 weeks' gestation, samples were also collected at around 32 weeks' gestation and at delivery. A sample was collected from the umbilical cord. In subsequent data analysis, depending on which outcome of pregnancy was being studied, the most appropriate single blood sample and/or a composite index based on serial samples was used. Further questionnaire-interviews were conducted at the time of each blood collection.
The blood samples were collected by venepuncture. Blood was collected from a forearm vein after the skin hadbeen cleansed with an alcohol scrub (Webcol 4403) for at least 20 seconds and allowed to dry; 10 ml of blood was drawn into a lead-free syringe and placed in a lead-free heparinised container, capped and mixed for 30 seconds. Samples were stored at 4°C and were transported to the Adelaide Children's Hospital laboratory within 24 hours of collection. Packed cell volume was measured on arrival at the laboratory. 
BLOOD LEAD CONCENTRATIONS
The mean blood lead concentrations (PbB) at all stages of gestation (with the exception of 21-29 weeks) were statistically significantly higher in the PP than in the NP women (table 2). As indicated by the magnitude of the standard errors, variation between individual women was not great. For example, at 14-20 weeks' gestation only nine women had levels greater than 20,ug/dl and none exceeded 32 ug/dl.
Since the mean values did not vary systematically with gestational stage, each woman's pre-delivery blood lead concentrations were combined to give an average value for use in some of the subsequent analyses.
SPONTANEOUS ABORTION
Of the 774 pregnancies followed to completion, 23 ended in spontaneous abortion before the 20th week of gestation. Since only one of these occurred in the Since pre-term delivery is a determinant of neonatal size, and has been considered as a separate outcome (see above), multiple regression analyses of the predictors of size and shape were restricted to singletons with a gestational age of 37 weeks or more. Errors were assumed to be normally distributed; the linearity of plots of ordered residuals against the appropriate normal order statistic indicated that this assumption was reasonable. Birthweight Among the 721 pregnancies for which birthweight was recorded, after exclusion of twin pregnancies, the proportion resulting in low birthweight (<2500 g at gestational age of 37 weeks or more) was higher in the PP pregnancies (3 9%) than in the NP pregnancies (18%). After stratification by cigarette smoking habits, this difference persisted. The probability of low birthweight was approximately three times higher in smokers (6.9%) than in non-smokers (2.0%).
Mean PbB, in maternal blood at delivery and in cord blood, was consistently lower in low birthweight pregnancies than in other pregnancies. However, none of these differences was statistically significant (table 6) .
In multiple regression analysis, wherein 21% of the variance in birthweight was explained in terms of the there are methodological difficulties in apportioning the "effects" on pregnancy outcome between environmental lead exposure and the many other coexistent risk factors.
A second limitation of this present study is that there was relatively little variation in inter-individual blood lead concentrations among the women resident in Port Pirie. Further, the mean absolute concentrations were not high, being in the range [11] [12] ug/dl (survival, maternal nurturing, and the effects of lead exposure via lactation).' 13 However, few of these effects are demonstrable in experimental animal models at levels of lead uptake considered equivalent to those in environmentally exposed human populations.
Placental transfer of lead to the human fetus appears to begin around the 12th to the 14th week of gestation'7 (which indicates that the fetus may be exposed to elevated lead levels while the major period of neurogenesis is in progress).18 Thus, with the exception of spontaneous abortion occurring before this stage of gestation, the various adverse outcomes of pregnancy examined in this study could all reflect, to some extent, a direct influence of lead on either the placental interstitial tissue or the fetal tissues.
The lack of any clear positive association of spontaneous abortion with maternal PbB within this study population suggests that small, non-occupational increases in lead exposure are insufficient to disrupt the early stages of pregnancy. Human lead exposure at higher levels than in this study population is a well-documented cause of spontaneous abortion, rates being consistently elevated 5-to 10-fold in occupationally exposed women from earlier decades. ' Similarly, there are early reports of an increased risk of pre-term delivery associated with lead exposure,' and a more recent report from Missouri, -USA.2 The latter study also showed a fourfold increase in both maternal and fetal blood lead levels in the pre-term deliveries compared with those delivered normally. In our study, a lesser, but statistically significant, increasing gradient in the risk of pre-term delivery in association with increasing maternal blood lead was observed, after controlling for the effects of other covariates. Early reports of pregnant women occupationally exposed to lead often included evidence of an increased proportion of LFDs.' Likewise, animal experimental data show an increased perinatal mortality following maternal lead exposure."5 In two studies of lead concentrations in, respectively, brain and rib samples, LFD babies had substantially higher levels than did other babies dying of assorted (mostly accidental) causes."9 20 In this study, however, although the subset of PP women within this cohort had a higher proportion of LFDs than did the NP women, LFD was negatively associated with individual maternal PbB.
Measures of birthweight (including IUGR) and neonatal morphology were not related to maternal PbB. Few data pertaining to these outcomes have been previously reported. An experimental study in rats has shown reductions in litter size, birthweight, and neonatal survival with increased maternal antenatal lead exposure.2"
In contrast to the Missouri study,2 premature rupture of membranes was quite unrelated to maternal PbB (or to umbilical cord PbB). The placentas from this study have been stored for biochemical measurement, and the relation of placental tissue lead concentration to premature rupture of membranes will be examined.
Placental lead will also be examined in relation to the other pregnancy outcomes reported in this paper. There is evidence that, for genetic or other reasons, there is variation between individuals in the avidity with which the fetus and/or the placenta take up elements and substances from the maternal blood."2 Thus, certain pregnancy outcomes may be more closely related to concentrations of lead in the placenta than in the maternal blood.
In summary, the data from this cohort study indicate, firstly, that within a residential environment known (from other survey data) to cause substantial elevations of blood lead concentration in children aged 1-5 years, there is only a small to moderate increase in PbB within adult women, and, secondly, that with the exception of pre-term delivery this modestly elevated PbB is not associated with perceptible increases in the risk of any of the adverse outcomes of pregnancy considered here.
